It is known that blood serum proteins of tumor-bearing mice display tumor-specific activity. However, to date, the nature of this activity has remained elusive, and no tumor-specific proteins have been detected in the blood serum of tumor-bearing animals compared with those in healthy animals. The present study postulated and investigated the hypothesis that the observed tumor-specific activity of the blood serum proteins is not associated with the appearance of novel serum proteins but with changes in the conformation of the existing ones. The present study showed conformational changes of two serum albumin proteins and inter-α-trypsin inhibitor heavy chain 4 (ITIH4) in mice with B16 melanoma compared to tumor-free mice, as determined by differences in the products of proteolysis by proteomic analysis following column chromatography. The differences in the conformation of serum albumin in mice with B16 melanoma and tumor-free mice were accompanied by a change in the interaction of these molecules with the fatty acid spin probe 16-doxyl stearic acid. The differential conformation of ITIH4 in mice with B16 melanoma and that in tumor-free mice was accompanied by inhibition of tumor growth and increased life span. Analysis of the role of protease-anti-proteases (serpins) in the serum of tumor-bearing animals in tumor growth confirmed the hypothesis that tumor growth in the body is mediated, at least in part, via balancing of serpins.
Introduction
A previous study by our group demonstrated changes in the glycosylation of serum proteins in tumor-bearing mice (1) . However, it was not possible to establish a link between the various N-linked oligosaccharide residues and the tumors of animals or cancer patients (1) (2) (3) . Another previous study by our group showed that the serpin α-anti-trypsin from blood serum inhibits or blocks the growth of tumors (4) . The question that arises from these studies is how proteins in the blood serum of tumor-bearing mice as well as in the blood serum of tumor-free mice acquire tumor-associated biological activity. It is known that the blood serum of tumor-bearing animals contains a certain factor which specifically accelerates tumor growth (2, 5) . However, all attempts to identify this factor as a novel protein in the blood serum of tumor-bearing animals were unsuccessful (5, 6) . Significant progress has been made toward comprehensive protein expression profiling, and numerous biomarker candidates have been identified; however, none of the reported biomarkers have been proven to be beneficial for patients with cancer (7) . It is therefore necessary to identify these factors through their biological activity in vivo. The above-mentioned N-linked oligosaccharide residues are part of protein molecules. Changes in these residues [in the previous study by our group they became shorter (4) ] are likely to lead to conformational changes of the protein molecule. It is can therefore be assumed that changes in the glycosylation of proteins occur in order to modify the conformation of the protein molecule (8, 9) . Conformational changes of a protein lead to changes in its biological activity. In organisms displaying tumor growth, no novel proteins were detected in the blood serum compared with those in tumor-free organisms; this may be due to the existing proteins undergoing conformational changes leading to the activation of their tumor-associated activity (10) .
The most informative method for studying proteins is proteomic analysis. This analysis involves, in particular, the proteolysis of proteins. It is known that certain proteolytic
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activate its tumor-specific activity in mice with B16 melanoma enzymes have specific cleavage sites. These sites should fulfill the following requirements: They are required to contain certain amino acids, and furthermore, these sites should be available for their specific cleavage enzymes. If the proteolysis of a protein isolated from the serum of a tumor-bearing mouse and that of the same protein isolated from the serum of a tumor-free mouse results in products, it is indicated that this protein has a differential conformation between the tumor-bearing and the tumor-free mouse. However, until recently, a complete protein denaturation was performed prior to proteomic analysis for better accessibility of trypsin. After the complete denaturation of the proteins with differential conformation, they are expected to have identical availability for trypsin and the trypsinolysis products of these denatured proteins would be identical, therefore not revealing any information regarding differences in protein conformation. This hypothesis explains why proteomic studies have never reported any tumor-specific changes in blood serum proteins.
Tryptic cleavage under soft conditions is challenging; therefore, to obtain a sufficient amount of peptide ions, it is required to use 'semitrypsin' analysis (11, 12) . This improves the quality and reliability of the identification of proteins and allows for the identification of the protein structure, including various post-translational modifications.
The aim of the present study was to examine the hypothesis that 1) tumor-specific activity of proteins may be associated with changes in their native conformation, e.g., due to changes in their glycosylation and 2) it is possible to determine changes in the native conformation via the proteolysis products of the protein under soft conditions. Semi-tryptic peptide ions were examined and the biological activity of albumin and inter-alpha-trypsin inhibitor heavy chain 4 (ITIH4) in tumor-free C57Bl/6 mice and those with B16 melanoma were assessed. The ITIH4 protein is a member of the serpin superfamily (13) .
Materials and methods
Tumor and animal experimentation. B16 melanoma cells were obtained from the bank of tumor strains of the N. N. Blokhin Russian Cancer Research Center (Moscow, Russia). Melanoma cells were transplanted subcutaneously to obtain solid tumors into the right hind limb of C57Bl/6 mice (1x10 6 cells/mouse diluted in 200 µl RPMI-1640 medium; PanEcho, Moscow, Russia). The experiments were performed using a total of 250 2-to 3-month-old male C57Bl/6 and F1 (C57Bl/6xCBA/Lac) mice (22-24 g) obtained from Stolbovaya Company (Moscow, Russia). The mice received a standard laboratory diet and tap water ad libitum and were kept under a natural light/dark cycle. All experiments were performed in accordance with the National Institutes of Health guidelines (14) , the legal regulations for animal experimentation in Russia, and the study was approved by the ethics commiteeb of the Institute of Experimental Diagnosis and Therapy of Tumors of the N. N. Blokhin Russian Cancer Research Center (Moscow, Russia). Blood was extracted according to the protocol described by Fisher et al (5) .
Inductive effect of serum protein on tumor growth. To determine the effect of blood serum proteins, fractions of serum proteins were administered intraperitoneally to healthy mice (100 µg/mouse in 400 µl 0.9% NaCl solution; PanEcho) two weeks prior to tumor transplantation. Each group included 10 animals.
Serum proteins. Blood serum proteins were collected from normal and from tumor-bearing mice. Serum from B16 tumor-bearing mice was collected 30 days after tumor cell injection. Serum proteins were separated into fractions using ultrafiltration membranes (Millipore, Billerica, MA, USA) under air pressure with a nominal molecular weight limit of 300 kDa [PBMK04310; nominal molecular weight limit (NMWL), 300,000] (fraction 1), 100 kDa (PBHK; NMWL, 100,000) (fraction 2) or 50 kDa (PBQK; NMWL, 50,000) (fraction 3). Fraction-3 proteins were diluted in 0.01 M Tris buffer (pH 7.4, containing 0.01% sodium azide) and transferred onto PD-10 columns (Amersham Biosciences, GE Healthcare, Little Chalfont, UK) (4). Proteins were applied to Sepharose Q FF and Sepharose Blue FF columns (XK 16/20; GE Healthcare). Non-bound serum proteins were eluted with 0.01 M Tris buffer (pH 7.4, containing 0.01% sodium azide; Sigma-Aldrich, St Louis, MO, USA), while the bound proteins were eluted using a sodium chloride gradient (0.5 M, 0.01 M Tris buffer, pH 7.4, with 0.01% sodium azide; Sigma-Aldrich) (10) with the help of a GP-250 programmed gradient pump (Pharmacia Biotech, GE Healthcare). Protein elution was monitored in a flow cell (SN 20257; 2 mm; GE Healthcare) at λ=280 nm. The samples containing albumin and serpins were collected and analyzed using an HP 8452A diode array spectrophotometer (Agilent Technologies, Santa Clara, CA, USA) measuring the absorption value at λ=280 nm. Subsequently, proteins were intraperitoneally injected at 100 µg/mouse in 400 µl 0.9% NaCl solution into healthy mice. After 14 days, 1x10 6 melanoma B16 tumor cells were transplanted into these mice subcutaneously. Each group included 10 animals.
Protein gel electrophoresis. Serpin samples were separated by 12.5% SDS-PAGE and stained with Coomassie blue (Sigma-Aldrich) according to Laemmli (15) . Samples subjected to SDS-PAGE were solubilized in a sample buffer (Sigma-Aldrich) containing 63 mM Tris/HCl, pH 6.8, 10% (v/v) glycerol, 2% (w/v) SDS and 30 M bromophenol blue (Sigma-Aldrich). 2-Mercaptoethanol 5% (v/v) (Sigma-Aldrich) was conditionally added or omitted in the sample buffer. 12.5% acrylamide gels with a bisacrylamide/acrylamide ratio of 0.8:30 were used. Samples were applied in quantities of 10 and 50 µg protein/lane to evaluate all components of the protein complexes. Protein gel electrophoresis was used for determination of the mass of ITIH4 with tumor specific activity.
Assessment of albumin binding using electron spin resonance (ESR). ESR spectra were measured for each sample using a commercially available ESR spectrometer (AXM-09; ESR-Analyzer/MMS; MedInnovation GmbH, Berlin, Germany). The principle of this technique is the measurement of albumin binding variables, achieved by a fatty acid spin probe. The binding variables of the spin probe were determined at different permutations of the ethanol concentration as well as the ratio of spin probe and albumin concentration. Variation of the ethanol concentration allowed for the assessment of binding variables of the spin probe to albumin under different hydrophobic condi-tions. Changes in the ratio of spin probe to albumin enabled the measurement of the binding affinity of albumin to the spin probe.
Commercial 16-doxyl stearic acid (Sigma-Aldrich) was used as spin probe. This compound was selected due to the exceptionally high binding constant of albumin to stearic acid (6.9x10 7 l/mol), which produces >99.9% binding of the spin probe to albumin. Ethanol, extra pure, (Merck Millipore) was used for modifying the binding affinity of the fatty acid spin probe to albumin. The final concentrations of ethanol (mol/l) and spin probe (10 -3 mol/l) were 2.9 and 0.83 in aliquot 1, 3.4 and 1.61 in aliquot 2, and 3.8 and 2.34 in aliquot 3, respectively (16) .
Mass spectrometry. For mass spectrometric analysis, samples of protein were only used after purification using Sephadex Q FF columns. Proteins were diluted in 50 mM ammonium bicarbonate solution and transferred onto PD-10 columns (W359685; GE Healthcare). The final concentration of the proteins in the samples was 1 mg/ml. Solely following column chromatography without electrophoresis, the samples were incubated at 37˚C in 100 µl 20 mM ammonium bicarbonate containing 5 ng/µl trypsin, chymotrypsin and 10% acetonitrile overnight (all from Sigma-Aldrich). Peptides were concentrated using SEP-PAK C18 cartridges (Millipore).
Mass spectra were recorded using an Ultraflex Extreme MALDI-TOF/TOF mass spectrometer (Bruker Daltonics, Billerica, MA, USA) equipped with a neodymium laser. To analyze mass spectra, FlexAnalysis software, version 3.3 (Bruker Daltonics, Bremen, Germany) was used. Aliquots of the samples were mixed on a steel target with a solution of 2,5-dihydroxybenzoic acid (20 mg/ml) in 30% (v/v) acetonitrile (Sigma-Aldrich) with 0.5% (v/v) trifluoroacetic acid. The [MH] + molecular ions were analyzed in linear (proteins) or reflector (peptides) mode, and the m/z ratios were accurate to 30 ppm. Fragment ion spectra were obtained in Lift mode with a mass accuracy of better than 1 Da. Proteases cleaved peptides were used in the peptide mixtures. The data were processed using Flex Analysis 2.2 software (Bruker Daltonics), and peaks of trypsin fragments contained in samples were used for calibration. The following search parameters were used: Accuracy of mass determination = 100 ppm, NCBInr database, Rodentia taxon (rodent), one missed cleavage and possible methionine oxidation. The proteins were identified using the Mascot version 2.2.07 search software (peptide fingerprint option; www.matrixscience.com). The search was conducted in the NCBI databases and/or EST vertebrates. For the search of candidate proteins in combined ms + (ms-ms) data, Biotools, version 3.0 (Bruker Daltonics) was used. If the value of the Score parameter calculated for each protein exceeded 70, identification was accepted as reliable.
Statistical analysis. Statistical evaluation was performed using Fisher's exact test or Student's t-test. Data are presented as the mean ± standard deviation and Microsoft Office Excel (14.0.6112.5000) software was used for statistical analysis. P<0.05 was considered to indicate a statistically significant difference between values.
Results
Tumor-free mice and mice with B16 melanoma have differential proteolytic fragments of serum albumin. By means of column chromatography, a fraction corresponding to albumin was extracted from the blood serum of tumor-free mice and the blood serum of mice with B16 melanoma. Subsequent proteomic analysis identified the serum precursor of albumin in the two cases ( Fig. 1A and B ). Thus, albumin extracted from mice with the tumor has the same amino acid sequence as albumin extracted from the tumor-free mice.
In addition, the data presented in Fig. 1A and B show that proteolytic analysis of the albumin from tumor-free mice identified a greater number of semi-tryptic peptide ions compared with that in mice with B16 melanoma (64 vs 15 peptides, respectively). Normal mice and those with B16 melanoma had seven peptides in common, and eight peptides were found exclusively in mice with B16 melanoma (Tables I and II) . However, a number of the peptides which identified in mice with B16 melanoma partially or completely overlapped with a significant number of the peptides identified in tumor-free mice. This resulted in a larger number of identified peptides in tumor-free mice compared with that in mice with B16 melanoma (Table III) .
In tumor-free mice, seven peptides were identified to partially overlap with those identified in mice with B16 mela-noma with regard to their amino acid sequences at 35-57 and the m/z ratio of 2,711.6178, and two peptides were identified to partially overlap with regard to their amino acid sequences at 211-221 and the m/z ratio of 1,272.6371. Furthermore, in tumor-free mice, two peptides were identified to partially overlap with those found in mice with B16 melanoma with regard to their amino acid sequences at 243-257 and the m/z ratio of 1,681.9364. In tumor-free mice, six peptides were identified to partially or completely overlap with those from 
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mice with B16 melanoma in their amino acid sequences at 410-438 and an m/z 3,420.693. In addition, in tumor-free mice, two peptides were identified to partially overlap with peptides from mice with B16 melanoma in their amino acid sequences at 439-452 and the m/z ratios of 1,439.8602 and 1,439.7895. Finally, in tumor-free mice, four peptides were identified to partially or fully overlap with two peptides in mice with B16 melanoma regarding the amino acid sequences 559-588 with the m/z ratio of 3,369.7339 and 563-588 with the m/z ratio of 2,982.4342. The large number and variation of proteolysis products of the serum proteins from tumor-free mice compared to those from mice with melanoma B16, indicates the mobility of these specific regions in the former and the rigidity of the same parts of the molecule in the latter. The increase in rigidity of the albumin molecule during tumor growth may be due to the formation of cross-links within the molecule. This process may be similar to the transformation of fibrin to form internal cross-links (17) . This process may make proteins in animals with tumors more rigid compared to those of tumor-free animals and leads to a decrease in the number of proteolysis products.
Tumor-free mice and mice with B16 melanoma have differential proteolytic fragments of serum ITIH4. Another protein isolated by column chromatography was the protein fraction corresponding to ITIH4. Similarly to the case of albumin, it was necessary to verify that proteins with the same amino acid sequence were analyzed in the protein extracted from the blood serum of the mice with B16 melanoma and that from the blood serum of tumor-free mice. As shown in Fig. 2A and B , proteomic analysis identified ITIH4 in the two groups. The total quantity of identified peptides following proteolysis of ITIH4 from the serum of tumor-free mice was 32, that of mice with B16 melanoma was 35. Thus, by contrast with albumin, in the case of serpin, no significant difference was observed in the number of identified peptide fragments of ITIH4. As discussed above, the lack of variations in the number of identified peptides in plasma during tumor growth may be explained by various 
mechanisms of modification of the proteins in the body. Serpin, unlike albumin, is a glycosylated protein and its spatial structure changes due to glycosylation, not due to internal cross-links. Glycosylation-induced changes of blood serum proteins during tumor growth are discussed above (2) .
Among the identified peptide fragments of ITIH4 following proteolysis, 10 common peptides were identified among the proteins derived from tumor-bearing mice and those obtained from tumor-free mice (Table IV) , while the remaining peptide fragments were unique in the tumor-bearing mice (Table V, n=22) and the tumor-free mice (n=25).
Among the peptides identified in tumor-free mice, twelve peptides were detected that partially or completely overlapped with thirteen peptides detected in mice with B16 melanoma (Table VI) and the m/z of 1,609.8461 found in mice with B16 melanoma. The peptide with the amino acid sequence of 910-916 and the m/z of 793.4153 detected in tumor-free mice partially overlapped with the peptide with the amino acid sequence of 906-916 and the m/z ratio of 1,277.697 found in mice with B16 melanoma. Thus, the same pattern to that observed for albumin was confirmed for ITIH4, i.e. ITIH4 obtained from mice with B16 melanoma provided semi-tryptic peptide fragments that differed from the semi-tryptic peptide fragments of ITIH4 from the serum of tumor-free mice. This result indicated a difference in the availability of proteolysis sites and therefore, a different molecular conformation of albumin and ITIH4 in the serum of tumor-bearing and tumor-free mice.
Serum albumin has differential conformation-depending binding activity between tumor-bearing and tumor-free mice. In the next stage of the present study, it was required to test whether the biological activity of the assessed proteins was altered upon their conformational changes. For the assessment of the functional activity of albumin, ESR analysis was used, allowing for the estimation of the conformational status and transport parameters of albumin. For this purpose, the interaction of albumin with the spin probe 16-doxyl stearic acid was examined. As the results in Table VII demonstrate, the spin-labeled acid interacted differently with albumin depending on whether it was obtained from tumor-free or tumor-bearing mice. The largest difference (almost 1.4 times) among all values determined was observed in the discrimination parameter. 
According to the developers of the ESR device, this the discrimination parameter characterizes the conformation of the molecule. Therefore, the results obtained supported the hypothesis that albumin in tumor-bearing mice and tumor-free mice have differential conformations, which may be involved in the regulation of the tumor-associated activity of proteins.
Prior injection of ITIH4 from mice with B16 melanoma reduces melanoma growth in mice. Subsequently, a series of in vivo experiments were performed to study the influence of inter ITIH4 (serpin) and albumin on the growth of B16 melanoma (Fig. 3 ). For this purpose, mice were injected with albumin or ITIH4 from plasma from mice with B16 melanoma or tumor-free mice two weeks prior to tumor cell inoculation, and the effect on tumor growth was observed (4) . It was discovered that albumin, regardless of cancer status of the animal from which it was obtained, had no effect on the growth of B16 melanoma in mice. Serpin obtained from fresh blood serum of tumor-free animals or from frozen blood serum of mice with B16 melanoma did not affect the growth of B16 melanoma. As shown in Fig. 3 , a significant inhibition of the tumor growth was only achieved in group 7, in which animals had been injected with ITIH4, which was obtained from fresh serum of C57Bl/6 mice with B16 melanoma, prior to transplantation of the tumor. Prior freezing of this serum or the use of allogeneic protein led to the loss of the tumor-specific activity. Thus, only the protein extracted from fresh blood serum of C57Bl/6 mice significantly inhibited the growth of melanoma in C57Bl/6 mice.
The inhibition of the tumor growth by ITIH4 protein was reflected by the lengthening of the period until the visual appearance of the tumor: In the mice of the control group, the appearance of the tumor was noted 10 days after tumor transplantation, whereas in the experimental group, the tumors were registered only at day 20 after tumor cell transplantation. This may be interpreted as 100% tumor growth inhibition by ITIH4 over 10 days. The lifespan of animals with B16 melanoma in the control group averaged 40.8±2.1 days, whereas in group 7, in which ITIH4 was injected, it was 65.3±3.4 days (P<0.05).
Discussion
To date, the biological effects of serum proteins and their regulation have not been fully elucidated. In the present study, the tumor-specific activity of serum proteins was assessed, as well as their regulation by conformational changes. However, the underlying mechanisms of this effect have yet to be elucidated. In addition, it was not possible to reproduce the in vivo results in an in vitro system; this may be due to the metabolism and homeostasis in a living organism, which cannot be reproduced by an in vitro cell model.
A previous study by our group demonstrated the tumor-specific activity of the blood serum fractions of mice with Ehrlich carcinoma, which contained proteins with a molecular weight of 50-100 kDa (4). This fraction contained 40 proteins and differences were most obvious by electrophoretic mobility assay in the major band with a molecular weight of ~65 kDa. The major changes in this band coincided with the disappearance of alpha-1-anti-trypsin and the appearance in the same sample of cathepsin L1. Inter-α-trypsin inhibitor was additionally identificated in this fraction. This led to the hypothesis that the tumor-specific activity of serpin is exerted by α-1-anti-trypsin, even though the molecular weight of this protein is significantly lower and was 45 kDa. In the present study, a protein with a similar molecular weight of 65-70 kDa from the serum of mice with B16 melanoma, identified as serpin ITIH4, also showed a specific activity. The results of the previous studies by our group as well as those obtained in the present study suggested that in the two cases -Ehrlich carcinoma and B16 melanoma -the protein with a tumor-specific activity was identical and that its conformation determined its biological specificity.
In previous studies, our group as well as other researchers, did not identify any significant differences in the spectrum of proteins isolated from the serum of tumor-bearing and tumor-free mice (3, 4) . In spite of this, these blood serum proteins were observed to have a tumor-specific activity. This fact can be explained by differences in sample preparation of these proteins in the previous and present studies. In particular, in prior studies, at least two methods were used which cause the denaturation of proteins (prior freezing of samples or boiling in a buffer for electrophoresis). The denaturation facilitates proteolysis and the identification of proteins, but prevents the evaluation of features of their conformation.
Therefore, in the present study, the protein conformation was not investigated using these standard methods. Only fresh serum samples were used, the separation of proteins was performed by column chromatography and the changes in conformation of the proteins were estimated via the soft proteolysis (with 10% acetonitrile) product. It was discovered that identical sites of the same protein yielded differential peptide fragment spectra between tumor-free mice and those with melanoma. This result demonstrated the difference in the availability of these sites for the enzymes, and hence, the differential conformation of the proteins between the two experimental groups. It is important to note that the conformational changes of the proteins studied were associated with changes in their biological activity. Thus, the present study demonstrated for the first time, to the best of our knowledge, that the tumor-specific activity of ITIH4 was based on its differential conformation between tumor-free mice and those with melanoma. This result confirmed the hypothesis that the conformation of serpin determines its tumor-specific effect.
The results obtained can be figuratively explained as illustrated in the scheme in Fig. 4A : Serum protein can be regarded as a key, which has a stable part and a specific component. The stable part, represented in the present study by common peptides, is present in all organisms of the given species. In the present study, the specific component is constituted by unique peptides in a particular individual and is defined by its state, in particular, by the presence of a tumor. The main condition for the functioning of this protein (key) is the lack of high affinity to the tissues of the body and other serum proteins. Tumor growth leads to an increased concentration of these groups of antigenic determinants, which are located on the surface of the tumor cells. In response to this increased concentration of groups of antigenic determinants in cells, the availability of antigenic determinants, which are capable of interacting with them, are expected to decrease in the serum. This may be achieved in two ways: The emergence of acute phase proteins among the blood serum proteins (5) , and conformational changes in serum proteins, as shown in the present study. In order to study this adaptation to tumor growth, the present study performed a proteomics study, which required proteases to cleave the native protein. Conventional methods of proteomic analyses of proteins include the preliminary freezing of the samples and boiling for electrophoresis. However, in the present study, this denaturation resulted in the loss of the tumor-specific activity of the samples. Therefore, the conditions of sample preparation were modified by excluding any experimental conditions leading to protein denaturation (Fig. 4B) .
In conclusion, the results of the present study confirmed the hypothesis that the conformation of serum proteins is associated with their biological activity and with tumor growth in the body. Injection of ITIH4 from the serum of mice with melanoma was demonstrated to inhibit tumor growth in a mouse model of melanoma under the condition that its conformation was preserved.
